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Abstract: We have fabricated an open-cavity microcavity structure containing a thin film of 
the biologically-derived molecule β-carotene. We show that the β-carotene absorption can be 
described in terms of a series of Lorentzian functions that approximate the 0-0, 0-1, 0-2, 0-3 
and 0-4 electronic and vibronic transitions. On placing this molecular material into a 
microcavity, we obtain anti-crossing between the cavity mode and the 0-1 vibronic transition, 
however other electronic and vibronic transitions remain in the intermediate or weak-coupling 
regime due to their lower oscillator strength and broader linewidth. We discuss the 
consequences of strong-coupling for the possible modification of photosynthetic processes, or 
a re-ordering of allowed and optically-forbidden states. 
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1. Introduction
Cavity-polaritons are hybrid light-matter states that can be formed when a semiconductor is 
placed inside an optical microcavity [1,2]. The resonant, reversible exchange of energy 
between the semiconductor exciton and confined cavity-photon yields a splitting of these 
states into lower and upper polaritons, separated by the Rabi splitting energy (ħΩ). This 
phenomenon has been widely investigated in both inorganic [3–6] and organic 
semiconductors [7–10], the latter of which have the advantage of strongly bound excitons that 
are stable at room temperature. Recent advances have seen the development of organic 
exciton-polariton condensates and room-temperature polariton lasing [11,12], and an ever-
expanding field of molecules capable of undergoing strong exciton-photon coupling [13]. 
The formation of cavity-polariton states in molecular semiconductors can have profound 
effects, even before the onset of condensation. It has been argued that the creation of 
delocalised polariton states in a molecular film can be used to modulate charge-transport 
properties [14], change activation barriers [15,16] and potentially allow control over chemical 
reactivity landscapes [17]. In multicomponent, multi-exciton systems, this alteration of 
energy levels may also perturb electronic energy transfer-pathways in complex molecular 
assemblies; for example by strong coupling chlorosomes in bacterial light harvesting 
complexes [18]. In the limit in which multiple excitonic states can each separately enter the 
strong-coupling regime, hybrid polariton states form that are a mixture of the cavity photon 
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and the different excitonic components. Such ‘hybrid’ states can be used to mediate rapid and 
efficient energy transfer over extremely long distances through the highly delocalised photon 
component, and have been proposed as model systems in which energy transfer in light-
harvesting systems may be explored [19,20]. 
The concept of modified energy relaxation has been clearly demonstrated in the case of 
distinct J-aggregates [19,20], but is of greater interest in light-harvesting systems such as the 
archetypal photosynthetic complexes [21]. It has already been shown that the primary 
component of these complexes – chlorophylls – is capable of strong coupling [18]. In this 
paper, we investigate the potential for polariton formation using another chromophore that is 
essential in biological light-harvesting; namely β-carotene [see chemical structure in Fig. 
1(a)]. β-carotene is abundant in plants, fungi and photosynthetic bacteria, and absorbs 
strongly in the blue to blue-green spectral region. This and related carotenoids are widely 
considered to serve as efficient antennas to funnel light energy to chlorophyll during 
photosynthesis [22,23]. The ability to create polaritonic states using β-carotene can 
potentially be seen as a step towards being able to modify photosynthetic process in various 
organisms using an entirely photonic approach. 
We note that strong coupling in carotenoids opens up a further intriguing possibility that 
arises from the unique electronic structure of these molecules, as shown in Fig. 1(b). 
Carotenoids, as polyenes, have the unusual characteristic that the lowest-energy singlet 
electronic state (2Ag = S1) shares the same spatial symmetry (Ag) as the ground state and is 
thus dark to one-photon transitions [24]. The first allowed electronic transition thus occurs 
into the higher-energy 1Bu = S2 state. On excitation, the excited state relaxes into the dark S1 
at a rate that greatly exceeds photoluminescence (τ~200 fs), making the molecules almost 
completely non-emissive [24]. In the strong-coupling regime, the formation of polariton states 
thus has the potential to alter this energy-level ordering by bringing the emissive S2-coupled 
polariton states below the energy of S1, as shown in Fig. 1(b), thereby turning a dark molecule 
bright. To explore whether such effects can be observed in practice, we have explored strong 
coupling in pure films of β-carotene placed inside an optical microcavity. Via measurement of 
cavity transmission spectra and detailed transfer-matrix modelling, we demonstrate the 
presence of polariton states formed by optical coupling to the 0-1 vibronic transition. The 
Rabi-splitting observed here however is relatively small (~140 meV), and thus at present a 
direct re-ordering of bright and dark-states is not currently possible using this material. 
Nevertheless, we expect the ability to strongly couple β-carotene also to exist in other 
photosynthetic systems, which may allow a modification of the local energy landscape and 
thus perturb energy relaxation processes. 
2. Methods
The microcavities explored here were based on a so-called ‘open-cavity’ architecture. Here, a 
layer of β-carotene was deposited by spin-coating onto a fused silica substrate that had been 
coated with a 20 nm thick silver film. The films were spin-cast from a 40mg/mL THF 
solution at 500rpm, and had a thickness between 950 and 1100 nm. A typical absorption 
spectrum of a 200nm β-carotene film prepared from the same solution at a spin speed of 
2000rpm, is shown in Fig. 1(c). A second mirror also formed from a 20 nm thick film of 
silver on a 100µm x 100µm fused silica plinth (created using a diamond saw) was then 
positioned close to the surface of the β-carotene film using a series of manual position 
controllers and piezo-stages. This created the microcavity-structure having a Q-factor of ~100 
as shown schematically in Fig. 1(d). Control films of β-carotene were also prepared on fused 
silica substrates, with their 
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Fig. 1. Part (a) shows the chemical structure of β-carotene. Part (b) shows a simplified energy-
level diagram of the electronic states of β-carotene and indicates its allowed and forbidden 
electronic transitions. We also indicate the possible effects of optical strong-coupling to the S2 
transition. Part (c) shows the absorption spectrum of a thin-film of β-carotene as deposited 
onto a quartz substrate. Here, we make a fit to the absorption spectrum using four Lorentzian 
functions, and identify the location of the 0-0, 0-1, 0-2 and 0-3 transitions. Finally, part (d) 
shows a schematic of the open-cavity system. 
optical absorption characterised using a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer 
equipped with F3031 transmission accessory. Note that during the course of the research it 
was found that β-carotene is highly susceptible to photo-oxidation. For this reason, all films 
were prepared in a nitrogen-filled glovebox. However the open-cavity system was operated 
under ambient conditions, and thus it is highly likely that the β-carotene film underwent some 
photo-degradation both before and during measurement. Indeed, as we show below, the 
oscillator strength of the films studied is relatively low. 
To characterise the microcavities, their optical transmission was measured as a function of 
mirror separation (cavity length). This permitted the relative separation (and thus interaction 
strength) between the cavity mode and the β-carotene excitonic resonances to be controlled in 
a dynamic fashion. To do this, light from a tungsten lamp was imaged onto the cavity via a 
long focal length (100mm) lens. Light transmitted through the cavity was then collected using 
a 50X Mitutoyo Plan Apo SL infinity corrected objective and then delivered to an imaging 
spectrograph (Andor Shamrock SR193i) having a resolution of 2.5 nm at 500 nm. 
3. Results and Discussion
Figure 1(c) plots the absorption spectrum of a control β-carotene film. It can be seen that the 
absorption is characterised by a broad band that extends over the wavelength-range 400 – 550 
nm. We have fitted the measured absorption spectrum using a transfer matrix reflectivity 
model in which we include four separate Lorentzian functions having different linewidths and 
oscillator strength. Figure 1(c) shows the result of the fit – it can be seen that we accurately 
reproduce the absorption peaks at 503, 468, 440 and 410 nm. However our fit fails to 
accurately reproduce the measured absorption at longer wavelengths, and suggests that the 
use of Lorentzian functions to fully describe the electronic structure of β-carotene is an over 
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simplification. Nevertheless we believe this approach adequately describes the electronic 
structure of β-carotene around its peak absorption wavelengths. It can be seen that there are 
absorption maxima peaks at 503, 468 and 440 nm that most likely correspond to transitions 
from the S0 ground state to the 0-0, 0-1 and 0-2 vibronic states of the S2 excited-state 
manifold. Such transitions have full-width half maximum linewidths (FWHM) of 42, 48 and 
37 nm respectively. The peak at 410 nm is likely to be an un-resolved combination of the 0-3 
and 0-4 transitions and thus has a significantly broader linewidth of 75 nm. 
Figure 2(a) plots the optical transmission of an open-cavity as the cavity length is varied 
from 991 to 1255 nm. Here, the cavity length ( L ) corresponds to the distance between the top 
mirror and the bottom mirror and is given by the sum of the thickness of the active layer 
( activeL ) and thickness of the air-gap ( airL ) between the active layer and the top mirror. To 
determine cavity length, it is first necessary to calculate the mode numbers ( q ) of the various 
optical modes using 
1
1
.q
q q
q
λ
λ λ
−
−
=
−
 (1) 
Here, qλ and 1qλ −  correspond to the wavelength of the 
thq  and ( 1)thq −  mode respectively. 
Using this analysis, we are able to identify modes q  = 7, 8, 9 and 10 within the transmission 
spectrum shown in Fig. 2(a). The mode number ( q ) in turn can then be related to the cavity 
length ( L ) using 
.
2 ( )
q
q
q
L
n
λ
λ
= (2) 
where ( )qn λ  corresponds to an average refractive index of the active layer and air at qλ . 
Note that during the experiments, it was found to be possible to push the top mirror into the β-
carotene film as it had a soft, gel-like consistency as a result of residual casting-solvent that 
remained trapped in the film. This permitted cavity lengths to be explored that were less than 
activeL . 
In Fig. 2(a), we indicate the wavelength of the electronic and vibronic transitions of β-
carotene as determined from the absorption spectrum shown in Fig. 1(c). It can be seen that at 
least three optical modes (7, 8 and 9) interact (cross or anti-cross) with the various vibronic 
transitions. Indeed, mode q  = 7 clearly interacts with the 0-1 vibronic transitions, although 
the anti-crossing behaviour is initially hard to resolve. The interaction of mode q  = 7 with the 
β-carotene vibronic transitions can be more clearly seen by plotting selected transmission 
spectra corresponding to cavity lengths between 991 and 1168 nm as shown in Fig. 2(b). 
Here, at a cavity length of 995 nm, modes 7 and 8 are visible at 513 and 404 nm respectively. 
As the cavity-length is reduced, these modes undergo a blue-shift, with mode q  = 7 visibly 
‘crossing’ the 0-0 transition at 503 nm. This crossing behaviour indicates that the 0-0 
transition of β-carotene remains in the weak-coupling regime within the cavity. 
As the cavity length is progressively reduced, mode q  = 7 then undergoes anti-crossing 
(strong-coupling) with the 0-1 transition located at 440 nm. The interaction with the 0-2 
transition at 468 nm is less clear, and we suspect that the interaction with this mode is either 
in the intermediate / weak-coupling regime [25,26]. The strong interaction with the 0-1 mode 
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Fig. 2. Part (a) shows a 3D map of the optical transmission through the microcavity as a 
function of cavity length and wavelength. Here, high transmission is indicated using yellow, 
with low transmission using blue. On this Fig. we indicate the wavelength of the different 
absorptive transitions of β-carotene using horizontal lines, and indicate the mode number (q) of 
the various optical modes. Here mode 7 undergoes anti-crossing around the 0-1 transition. We 
are therefore able to identify the upper and lower polariton branches (UPB and LPB). The red 
circles correspond to simulation using TM model. Part (b) shows measured optical 
transmission spectra at different cavity path-lengths. Again, we mark the wavelengths of the β-
carotene transitions, together with the UPB and LPB. The dot dashed pink lines indicating the 
polariton branches are a guide to the eye. 
results in the formation of two polariton branches that we label as the lower and upper 
polariton branches (LPB, UPB). Note that the dotted lines included in Fig. 2(b) indicating the 
polariton branch energy are a guide to the eye rather than a fit to the data. From Fig. 2(b), it is 
evident that mode q  = 7 does not cross the unresolved 0-3 / 0-4 transition at 410 nm 
transition, indicating that these states also remain in the weak-coupled regime. 
To account for the dispersion of the observed polariton branches and estimate the Rabi 
splitting associated with the different transitions, a Transfer Matrix (TM) model [27] depicted 
in Code 1 [28] was used to simulate the open cavity transmission spectra as a function of 
cavity length. As input to the model we use four Lorentzian functions to describe the various 
electronic / vibronic transitions whose peak position and linewidth were extracted from the 
absorption spectrum shown in Fig. 1(c). We also use a background refractive index of 1.45 
and then fit the TM simulation to the measured dispersion by adjusting the overall oscillator 
strength of the various transitions (whilst keeping their relative strength fixed as defined by 
the measured absorption spectrum). 
Figure 2(a) plots the results of the TM simulation of the cavity modes using red circles. It 
can be seen that this provides a qualitatively good fit to the experimental data, and describes 
the dispersion of modes q  = 7, 8, 9 and 10. We compare the dispersion of the various optical 
modes with the experimentally measured peak positions in Fig. 3 for cavity lengths 1000 to 
1140 nm. This confirms that mode q  = 8 undergoes crossing behaviour (weakly-coupled) 
with the 0-3 / 0-4 vibronic transition. Our model and data indicates that mode 7 undergoes 
energetic-crossing with the 0-0 mode indicating that it is weakly coupled. We do however 
evidence anti-crossing between mode 7 and the 0-1 transition and determine a Rabi splitting 
(energetic separation) between LPB and UPB of ~140 meV. Note that the Rabi-splitting 
energy is larger than the linewidth of the LPB and UPB around resonance (which have a 
FWHM of ~128 meV) indicating that this transition is strongly-coupled. We detect some 
energetic interaction with the 0-2 mode, however the estimated level of the Rabi-splitting here 
is ~116 meV; a value that is 
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Fig. 3. 3D TM simulation of transmission as a function of cavity length and wavelength. Here 
black circles are experimental data points determined from the transmission spectra and the red 
lines correspond to simulations derived from the Coupled Oscillator (CO) model. The 
wavelengths of the β-carotene transitions, together with the UPB and LPB are marked. 
somewhat smaller than the linewidth of the individual polariton-like branches which have a 
linewidth of around 135 meV. For this reason, we label such a transition as being in the 
intermediate / weak coupling regime. It should also be noted that mode q  = 7 does not cross 
the 0-3, 0-4 transition. The fact that only the 0-1 mode is observed to undergo strong coupling 
is partly explained by the fact that the peak extinction coefficient of the 0-1 vibronic mode is 
30% larger than that of the 0-0 and 0-2 modes [see Fig. 1(c)] and thus the Rabi-splitting 
energy for interaction with the 0-1 mode is expected to be larger [1]. 
However to gain further insight into the strong coupling between mode q  = 7 and 0-1 
transition, a 5 x 5 Coupled Oscillator (CO) model [26] detailed in Code 2 [29] was used to 
simulate the open cavity transmission spectra as a function of cavity length. The position of 
the individual transitions and their respective linewidths (half-width at half maximum 
[HWHM]) derived from the fit to the absorption spectrum [see Fig. 1(c)] were used as the 
input to the model. The model accurately simulates the experimental data as shown in Fig. 3 
using the following coupling constants ( g ) and HWHM linewidths ( γ ) corresponding to the 
different transitions: 
0 0 0 00.037 0.108g eV eVγ− −= =           
0 1 0 10.091 0.128g eV eVγ− −= =           
0 2 0 20.070 0.122g eV eVγ− −= =           
0 3,0 4 0 3,0 40.105 0.256g eV eVγ− − − −= =           
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Here a Rabi splitting value of the 0-1 transition with mode q  = 7 was again determined as 
140 meV. We note strong coupling to an isolated state usually needs to satisfy the following 
condition: 
( )2 2 20 1 0 11 .2 cavg γ γ− −> +  (3) 
If we use values of 0 1 0.091g eV− = , 0 1 0.128eVγ − =  and 0.0125cav eVγ =  (derived from the 
measured HWHM cavity-mode linewidth and corresponding to a Q-factor of ~100) we find 
( )2 20 11 0.09092 cavγ γ− + = ; a result consistent with the 0-1 transition reaching the strong-
coupling regime. 
Our results demonstrate therefore that a biomolecule found in many different types of 
photosynthetic organisms can be placed into a microcavity and undergo strong-coupling. This 
finding follows on from previously reported work [18], in which the chlorosomes of a light-
harvesting bacteria were shown to undergo strong-coupling. Here, we strong-couple to one of 
a number of relatively broad transitions in the molecule β-carotene. This suggests that in a 
suitably designed microcavity, it may be possible to strong-couple to β-carotene when it is 
contained within a photosynthetic complex; a result that may permit energy relaxation and 
transfer processes to be modified through control of the local electromagnetic environment. 
We note that the Rabi-splittings achieved here are too small to permit a re-ordering of states 
as illustrated in Fig. 1(b). Indeed, the energy separation between the S1 and S2 states is of the 
order of 800 meV, suggesting that a significant increase in interaction energies are needed to 
realise this scheme. As discussed above, we believe that the extreme photosensitivity of β-
carotene films to photooxidation may well account for reduced oscillator strengths and thus 
reduced Rabi-splitting energies. Future experiments are planned to mitigate such unwanted 
oxidation reactions. 
In summary therefore, we have fabricated open-cavity structures containing the molecular 
dye β-carotene, and have found that it is possible to strong-couple the 0-1 vibronic mode of 
the molecule to an optical cavity mode, with a Rabi-splitting of 140 meV evidenced. We 
speculate that photo-oxidation of β-carotene thin films may reduce its effective oscillator 
strength and prevents other electronic and vibronic transitions from also undergoing strong-
coupling. 
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